Abstract: Over the past decade, scientific discoveries have highlighted new roles for a unique class of non-coding RNAs. Transcribed from the genome, these non-coding RNAs have been implicated in determining the biological complexity seen in mammals by acting as transcriptional and translational regulators. Non-coding RNAs, which can be sub-classified into long non-coding RNAs, microRNAs, PIWI-interacting RNAs and several others, are widely expressed in the nervous system with roles in neurogenesis, development and maintenance of the neuronal phenotype. Perturbations of these non-coding transcripts have been observed in ischemic preconditioning as well as ischemic brain injury with characterization of the mechanisms by which they confer toxicity. Their dysregulation may also confer pathogenic conditions in neurovascular diseases. A better understanding of their expression patterns and functions has uncovered the potential use of these riboregulators as neuroprotectants to antagonize the detrimental molecular events taking place upon ischemic-reperfusion injury. In this review, we discuss the various roles of non-coding RNAs in brain development and their mechanisms of gene regulation in relation to ischemic brain injury. We will also address the future directions and open
Introduction
The Encyclopedia of DNA Elements (ENCODE) project has recently determined that more than 74.7% of the entire human genome is transcribed into primary transcripts [1] . This is indeed remarkable given that only a mere 2.94% of the genome contributes to exons of protein-coding genes, thus emphasizing the prevalence of non-coding RNA (ncRNA) transcripts [2] . These non-protein coding transcripts were initially brushed away as "transcriptional noise" due to the lack of evidence of their functionality [3] . Recent studies have established that these RNA transcripts of various sizes are derived from different areas of the genome including untranslated regions as well as seemingly untranscribed regions and also within introns [3] . These are generally referred to as non-coding RNAs (ncRNAs) that display a broad range of effects on chromatin architecture, transcriptional regulation, posttranscriptional processing and translation [4, 5] .
Studies of this uncharacterized territory of the human genome are beginning to show functional importance in most processes, including regulation of the brain. ncRNAs were found to show brain specific expression and function [6] [7] [8] . These ncRNAs are regulated during neuronal development [9, 10] and are also shown to be associated with neurological diseases [11, 12] . Distinct temporal and spatial expression of specific ncRNAs has been observed during cerebral ischemia in in vivo models as well [13, 14] . Ischemic stroke comprises of 87% of all stroke cases, with recombinant tissue plasminogen activator (rt-PA) being the only approved drug [15, 16] . However, its use is limited due to the risk of cerebral haemorrhage and the narrow therapeutic window of 4.5 h [17] . Clinical trials using antithrombotic and anticoagulant agents to salvage or protect neuronal and non-neuronal cells have been proven unsuccessful [17] . Recent studies have shown that gene dysregulation leading to apoptotic events during ischemia could be attributed to the derailment of ncRNAs [18, 19] . Several ncRNAs described to date have been shown to either cause cell death or protect neurons and non-neuronal cells from ischemic death [20] [21] [22] . Therefore, studies to characterize the roles of ncRNAs in the pathogenesis of ischemic injury are crucial to decipher the complex mechanisms at play. Furthermore, modulating their expression could potentially serve as an alternative therapeutic strategy. In-depth functional studies could therefore identify specific endogenous ncRNA-based regulators that can be modulated to impede dysregulation of gene expression associated with ischemic cell death [23] . This review will cover the biogenesis of ncRNAs, their characterized functions in neurogenesis as well as their roles upon dysregulation in ischemic preconditioning and disease.
Types and Biogenesis of ncRNAs Associated with Brain and Ischemia
ncRNAs comprise of broad range of transcripts, differing in size with various functions attached to each subtype. The 2 well-known subclasses of ncRNAs are the "housekeeping" ncRNAs (ribosomal RNA, transfer RNA, small nuclear RNA, small nucleolar RNA) and the recently characterized regulatory ncRNAs (e.g., microRNA, long ncRNA. See Table 1 ). Regulatory ncRNAs can be further classified based on their sizes as short (<200 bp) or long (>200 bp) ncRNAs. microRNAs (miRNAs) are the most well-characterized and widely-studied group of short ncRNAs in ischemic brain injury whereas the functions of the long non-coding RNAs (lncRNAs) and the piwi-interacting RNAs (piRNAs) are just beginning to be unraveled. Table 1 . Classification and functional roles of non-coding RNA (ncRNA) in humans.
ncRNA Function
House-keeping ncRNAs transfer RNA (tRNA) mRNA translation [24] ribosomal RNA (rRNA) mRNA translation [24] small nucleolar RNA (snoRNA) rRNA modification [24] small nuclear RNA (including spliceosomal RNA)
RNA splicing, polyadenylation [24] 2.1. miRNAs miRNAs are highly conserved small (17-24 nucleotides) endogenous molecules that mediate post-transcriptional gene silencing of mRNA in a sequence-dependent manner [25, 26] . They are vital regulators of gene expression for neuronal function associated with synaptic plasticity, neurogenesis and neurodegeneration [9, 45, 46] . A miRNA can regulate the expression of hundreds of genes simultaneously, and several miRNAs can regulate a single mRNA cooperatively [47] . Moreover, Mukherji et al. [48] have shown that miRNAs can act as both a switch and fine-tuner of gene expression. The switch is regulated by miRNAs to establish a threshold level of target mRNA to repress protein production. Fine-tuning is determined near this threshold where protein expression responds sensitively to target mRNA input.
Biogenesis of miRNAs is initiated by RNA polymerase II mediated transcription. miRNAs can exist as an independent gene or be located in introns of protein-coding genes (mirtrons) to give rise to primary miRNA transcripts (pri-miRNAs) ( Figure 1 ). The folded pri-miRNA hairpins are cleaved by Drosha in the nucleus, exported into the cytoplasm and subsequently cleaved by Dicer to produce ~20 nt miRNA/miRNA* duplexes. The strand with a less thermodynamically stable 5′ end usually acts as the mature miRNA whereas the other strand is degraded. In certain cases, both strands are viable and become functional miRNAs. Thereafter, a mature miRNA is incorporated into a multiprotein complex known as the RNA-induced silencing complex (RISC), which also contains Argonaute proteins, to form miRISC. In the miRISC formation, miRNAs base pair to target mRNAs, generally on the 3′ untranslated region (UTR) and induce their translational repression or deadenylation and degradation [49] . Recent findings demonstrate that miRNAs are also capable of regulating gene expression at the transcriptional level [50] [51] [52] .
lncRNAs
lncRNAs are RNA transcripts longer than 200 nucleotides that make up the largest portion of the transcriptome [53] . lncRNAs have been shown to play important roles in embryogenesis and development of the central nervous system [7] . They coordinate gene expression through epigenetic modification, mRNA splicing, control of transcription or translation and genomic imprinting which is determined by their structure and association with the gene loci [54] . lncRNAs are transcribed by RNA polymerase II, and some lncRNAs are processed in a similar manner to mRNAs, undergoing splicing, polyadenylation and 5′-capping [24, 55] . lncRNAs originate from intronic, exonic, intergenic, promoter regions, 3′UTRs and 5′UTRs ( Figure 1 ). Some lncRNAs can be transcribed as bidirectional transcripts (derived from divergent transcription within 1000 bp of a promoter) [56] and can also be derived from pseudogenes. A handful of lncRNAs are conserved [32] while other well-characterized functional mammalian lncRNAs, such as myocardial infarction associated transcript (Gomafu) [57] , Dlx6 antisense RNA 1 (Evf-2) [58] and HOX transcript antisense RNA (HOTAIR) [59] exhibit poor sequence conservation across species. Nevertheless, lncRNAs have shown important implications in cellular functions [60] . 
piRNAs
piRNAs are small ncRNAs of 26-31 nucleotides (longer than miRNAs) which form complexes with Piwi proteins of the Argonaute family [61] . The majority of the mammalian piRNAs map uniquely in the genome and cluster to a small number of loci [62] [63] [64] . The primary role of these small RNAs has been shown to suppress transposon activity during germ line development by complementation to transposable and repetitive elements [27, 65] . piRNAs are generated by two proposed pathways: the primary processing pathway and the "ping-pong" amplification loop. In the primary processing pathway, primary antisense transcripts are transcribed from transposons and/or piRNA clusters (genomic regions depleted in transposons) and processed into piRNAs by unknown mechanisms [66] [67] [68] . piRNAs derived from this mechanism provide an initial pool of piRNAs that target multiple transposable elements [68] , with recently characterized functions in somatic cells and regulation of the cell cycle of mesenchymal stem cells [69, 70] . This is followed by the second "ping-pong" amplification loop (Figure 1 ), which further increases the abundance of piRNAs and transposon silencing [27, 62, 67, 71] . Single-stranded precursors transcribed from transposable elements and other repetitive elements give rise to antisense piRNAs, which are loaded onto associated PIWI-proteins. This complex recognizes and cleaves complementary transcripts, generating further sense piRNAs that exactly correspond to the original primary piRNA sequences and are loaded onto another PIWI protein for cleavage, giving rise to the "ping-pong" mechanism [62] .
Many other classes of regulatory ncRNAs have been found to be associated with the different components of a gene (Table 1) . Repeat-associated small interfering RNAs (rasiRNAs) [28] , repeat-associated ncRNAs [38] , transcription initiation RNAs (tiRNAs) [40] , and promoter-associated RNAs (PARs) [43] are ncRNAs that are currently gaining attention. Although the functions of these recently discovered classes remains to be elucidated in neurogenesis and ischemic injury, they are postulated to be involved in transcriptional regulation [72] .
ncRNAs in Brain Development and Ischemic Injury
Determining the role of ncRNAs in brain development is the first step in establishing their importance in proper brain function. Dysregulation of any part of this intricate process upon ischemic injury could account for disruption of brain function and hence damage. Moreover, ischemic preconditioning can confer resistance to subsequent lethal ischemic events. Most importantly, pathogenic events and processes that unfold upon ischemic insult provide the most appropriate model for studying the neurotoxic effects of this disease. We will cover the current research findings in these areas to provide insights into promising neuroprotective targets for modulation.
ncRNAs in Brain Development
miRNAs have been reported to be crucial for neuronal development. Deletion of Dicer, in neural stem cells causes massive hypotrophy of the postnatal cortex, lethality, ablation in late embryonic stages in the central nervous system (CNS). In addition, it leads to dysfunction in migration of late-born neurons in the cortex and oligodendrocyte precursor expansion, as well as differentiation in the spinal cord [73, 74] . Moreover, conditional Dicer deletion in forebrain and hippocampal neurons results in changes in dendrite morphology, spine length, apoptosis, microcephaly, ataxia, and lethality within three weeks after birth [75] . Studies on neuron enriched miRNAs have shed light on some mechanisms during neuronal development, which involve neuronal stem/progenitor cells proliferation and differentiation, neuritogenesis and outgrowth, synapse formation and plasticity.
Brain-enriched miR-124 is well-conserved from worms to humans and is estimated to be the most abundant miRNA in the brain [8] . miR-124 may contribute to maintaining neuronal identity by suppressing non-neuronal gene expression in neurons [76] . Furthermore, miR-124a-1 knockout mice showed severe consequences for neuronal survival and axonal outgrowth following reduction of miR-124 [77] . miR-124 is highly expressed in differentiating and mature neurons and exhibits increased expression during neuronal differentiation [78] . This process is controlled by transcription factor RE1-silencing transcription factor (REST), a negative regulator of miR-124 via repressor element (RE1) binding sites in the miR-124 genomic loci [79] . miR-124 is a critical switch for neural stem cell exit from multipotency and differentiation towards a neuronal phenotype by targeting small C-terminal domain phosphatase 1 (SCP1) [80] , polypyrimidine tract binding protein 1 (PTBP1) [81] and SRY-box transcription factor (Sox9) [9] . Upon ischemic injury, expression of miR-124 is reduced in neuronal progenitor cells of the subventricular zone (SVZ). Downregulation of miR-124 upregulates jagged 1 (Jag1), a ligand of the Notch signaling pathway, which mediates neuronal progenitor cell (NPC) proliferation leading to stroke-induced neurogenesis [82] . Furthermore, miR-124 is also proposed to be a biomarker in cerebral ischemia [83] . miR-9 is another highly conserved, brain specific miRNA, with its expression largely confined to the nervous system [84, 85] . Several studies suggest that miR-9/miR-9* suppresses neuronal progenitor proliferation and promotes neural differentiation via nuclear receptor subfamily 2, group E, member 1 (Nr2e1/TLX), REST, and REST corepressor 2 (CoREST) [86, 87] . In contrast, in human embryonic stem cell-derived neural progenitors, miR-9 promotes proliferation and inhibits migration by targeting stathmin 1 [88] . miR-9 has been shown to play an important role in telencephalic formation by either promoting or suppressing NPC proliferation through different targets at various stages of brain development [89] . In differentiated neurons, miR-9 controls axonal extension and branching by regulating translation of microtubule-associated protein 1B (Map1b), an important factor for microtubule stability [90] . Brain specific miR-128 is reported to promote neuronal differentiation by repressing nonsense-mediated decay to allow upregulation of tubulin, beta 3 class III (Tuj-1) and microtubule-associated protein 2 (Map2) mRNA levels and, downregulation of POU domain, class 5, transcription factor 1 (Oct4) mRNA level in P19 stem cells [91] . Both miR-9 and miR-128 are downregulated in SVZ following cerebral ischemia, indicating dysregulation of neuronal function, though their exact role in cerebral ischemia is still poorly understood [82] .
Several other miRNAs have also been identified as either sharing the role in central nervous system development, or in the differentiation of individual cell types. Another brain specific miRNA, miR-134 was presented as a regulator of cortical development by regulating NPC proliferation, neuron migration, and embryonic neuronal maturation via its interaction with its targets doublecortin (Dcx) and chordin-like 1 (Chrdl-1) [92] . It also functions in modulating the size of dendritic spines-postsynaptic sites of excitatory synaptic transmission, by targeting the LIM-domain containing protein kinase (Limk1) [45] , regulates sirtuin 1 (SIRT1)-mediated synaptic plasticity and memory formation [93] as well as dendritogenesis by targeting Pumilio2 [94] . miR-134 is significantly upregulated upon cerebral ischemia indicating that injured cells could be actively involved in regeneration during the first 24 h of reperfusion [13] . miR-29b is significantly induced with neuronal maturation and functions as a neuron apoptosis inhibitor by targeting pro-apoptotic BH3-only family genes, BCL2-like 11 (apoptosis facilitator) (Bim), BCL2 modifying factor (Bmf), harakiri, BCL2 interacting protein (contains only BH3 domain) (Hrk), and BCL2 binding component 3 (Puma) [95] . Several other miRNAs such as miR-137 and miR-34a have been found to function in axon and dendrite development and synaptic plasticity ( Table 2) . miR-34a and -137 have also been reported to be dysregulated at 24 h in the rat stroke model (transient middle cerebral artery occlusion, MCAo) [13] indicating that processes for neurogenesis and maintenance of the neuronal phenotype are altered upon ischemic injury. Dendritic morphogenesis, neuronal maturation, spine development [110] miR-34a SIRT1
Promotes neuronal differentiation and neurite elongation [111] 
IL-6, CCL2, CCL20, TSLP
Integration of newborn neurons into adult brain synaptic circuitry [113] miR-338 COXIV Regulates axonal respiration and function [114] miR-26a MAP2 Regulates synaptic plasticity [115] miR-125b NR2A (NMDA receptor subunit)
Regulates spine morphology and synaptic plasticity [116] miR-138 APT1 Regulates size of dendritic spines [117] miR-138 Lypla1
Regulates synaptic plasticity and spine morphology [118] miR-219 CaMKIIgamma
Regulates fast neurotransmission and synaptic plasticity [119] miR-375 HuD Regulates dendrite maintenance [120] Ischemic preconditioning miR-200b/c and miR-429 PHD2 Provides neuroprotection [121] miR-199a SIRT1 Reduces ischemic tolerance [122] Hypoxia miR-199a-5p HIF-1a Inhibits apoptosis [123] 5′aHIF-1α
HIF-1α
Prevents export of HIF-1α mRNA into cytoplasm [124] [20] Similarly, ischemic insult can also give rise to dysregulation of lncRNAs essential to neurogenesis, affecting the neuronal machinery, thereby conferring toxicity to the cells [10, 159] . Inducible nitric oxide synthase (NOS2A) is upregulated during neurogenesis in the mammalian brain. This profile was observed to be opposite to that of an ncRNA antisense to the gene (anti-NOS2A RNA) during differentiation of human embryonic stem cells. This suggests involvement of human anti-NOS2A RNA in regulation of neuronal differentiation by suppressing NOS2A gene expression [96] . The expression of NOS2A is also induced after focal cerebral ischemia to stimulate neurogenesis in the adult rat dentate gyrus [160] , but the expression of anti-NOS2A in this condition is unknown. Determination of expression of the ncRNA can pave the way for possible modulation of this neuroprotective enzyme.
Brain-derived neurotrophic factor (BDNF) is a crucial determinant of neuronal outgrowth and survival. A conserved transcript antisense to BDNF has recently been characterized to negatively modulate transcription as well as translation of the BDNF mRNA [109] . Targeting the BDNF-AS lncRNA to favour expression of BDNF mRNA upon ischemia induced apoptosis could thus prove to be a potential neuroprotectant. Likewise, several sense and antisense transcripts are also actively expressed from the Neurogranin (Nrgn) and calcium/calmodulin-dependent protein kinase II inhibitor 1 (Camk2n1) loci during cerebral corticogenesis. This increases the diversity of posttranscriptional regulation, resulting in possible cell-and time-specific regulation [97] . Up-regulation of neurogranin mRNA and protein expression upon treatment with retinoic acid post-MCAo also suggests a neuroprotective role that can be modulated by ncRNAs [161] . Likewise, the expression of Camk2n1 is downregulated upon acute spinal cord injury [162] , further supporting the need to determine the functions of its associated lncRNAs for their modulation as potential neuroprotectants.
Expression of another natural antisense transcript for tyrosine kinase containing immunoglobulin and epidermal growth factor homology domain-1 (tie-1), tie-1AS lncRNA has been detected in the brain of embryonic zebrafish. The lncRNA selectively binds tie-1 mRNA in vivo and regulates tie-1 transcript levels, resulting in specific defects in endothelial cell contact junctions in vivo and in vitro. This suggests transcriptional regulation of gene expression in vascular development and therefore, possibly in ischemic disease, which is characterized by vascular dysfunction as well [99] .
The testis specific X-linked gene (Tsx) ncRNA is highly expressed in the brain and its deletion results in less fearful mice with enhanced hippocampal short-term memory, implicating a possible role in learning and behavior in mammals [100] . Metastasis-associated lung adenocarcinoma transcript 1 (Malat1) regulates synapse formation by modulating the expression of genes involved in synapse formation and/or maintenance [101] . Fibroblast growth factor-2 (FGF-2) upregulation during brain development is negatively regulated by an lncRNA antisense to its 3′UTR (FGF-AS) [103, 104] . Ischemic brain injury also induces upregulation of the FGF-2 transcript to promote proliferation of neural progenitor cells, though the expression of FGF-AS is not known [163] . The expression profile of another antisense lncRNA, cyclin-dependent kinase inhibitor 2A (ANRIL), is associated with risk and recurrence of stroke risk [105] . The ultraconserved (100% conserved across humans, mice, and rats) lncRNA, Evf-2 is critical for early GABAergic inter-neuron development as well as subsequent GABA-dependent connectivity in the adult brain [106] .
LncRNAs regulating pluripotency associated factors (SRY-box containing gene 2 (Sox2) [107] and Oct4 [108] ), corticogenesis regulating genes (SRY-box containing gene 4 (Sox4) and SRY-box containing gene 11 (Sox11) [164] ), transcription factors (zinc finger homeobox 2 (zfh-5) [165] and ELK3, member of ETS oncogene family (ELK3) [166] ) and neuronal and oligodendrocyte development have been identified in the brain [10] . Moreover, lncRNAs have been implicated in the modulation of mouse embryonic stem cell (mESC) pluripotency and are also established to be directly controlled by key mESC transcription factors [167] .
Furthermore, Rajasethupathy et al. [168] demonstrated the presence of neuron-specific piRNAs in Aplysia (sea slug) with unique biogenesis patterns, nuclear localization and sensitivity to the serotonin neurotransmitter that is important for memory. The piRNA/piwi complex was also found to regulate the promoter of the transcription factor, activating transcription factor 4 (CREB2), by DNA methylation in an activity dependent manner. This may be an important and general mechanism of small RNA-mediated long-lasting regulation of gene expression in neurons that contributes to long-term memory.
As identified above, several ncRNAs have displayed essential roles in neuronal development and ischemic-reperfusion injury. Many more miRNAs, lncRNAs and piRNAs, on the other hand, are characterized and their roles in neuronal functions are being reported. However, their expression under ischemic condition needs to be determined ( Table 2 ). It is highly probable that their dysregulation leads to the progression of ischemic injury. Given their emerging importance in neurogenesis and neuronal function, dysregulation of ncRNAs essential to brain function following ischemic injury warrants further study as promising neuroprotectants.
ncRNAs in Ischemic Preconditioning
In addition to brain development, ischemic preconditioning can serve as another model to identify neuroprotective ncRNAs for ischemic stroke. Preconditioning of tissues with sub-lethal stresses or stimuli can result in resistance to subsequent lethal ischemic events. This phenomenon is known as ischemic tolerance. The concept of ischemic preconditioning (IP) was first described in ischemic hearts by Murry et al. [169] in 1986. A variety of stress factors can induce neuronal ischemic tolerance, including brief periods of ischemia [170] , hypoxia, hypothermia, hyperthermia and chemicals. The phenomenon of IP for acute ischemic-reperfusion injury has been reproduced in various organs including the brain [171] . The concept of cerebral ischemic tolerance was first reported in the 1990s by Kitagawa et al. [170] . The team found that exposure to 2 or 5 min of transient ischemia, 24 or 48 h prior to 10 min global cerebral ischemia in gerbils was neuroprotective against neuronal cell death.
It has been known that brain ischemic tolerance occurs in two phases: an early phase that occurs several minutes or hours after preconditioning, and a late phase that takes place several days later. Rapid and delayed preconditioning in both the heart and brain acts via different mechanisms. Generally, early preconditioning is related to a rapid response such as changes in ion channel permeability and post-translational modifications of proteins, while late preconditioning involves gene activation and protein synthesis [172] [173] [174] [175] .
Changes in miRNA profiles have been observed following IP. Dharap et al. [176] profiled cerebral miRNAs in the cerebral cortex of rats subjected to 10 min of MCAo. They reported fifty one miRNAs displaying altered expression with fold change >1.5 at 6 h following IP. Of these, twenty miRNAs (miR-374, -98, -340-5p, -21, -352, -379*, -335, -181b, -26b, -15b, -146a, -466c, -292-5p, -328, -873, -494, -7d*, -345-5p, -30c-2*, -322*) maintained the changed level until 3 days after IP. Moreover, the authors indicated that MAP-kinase, mTOR signaling, Wnt and GnRH signaling pathways might be crucial during IP. Lee et al. [121] Prolyl-4-hydroxylase (PHD2) mRNA. Furthermore, miR-199a that targets SIRT1 was reported [122] to be downregulated during 3-nitropropionic acid (3-NPA)-induced preconditioning in rat brain. miR-132 was also involved in preconditioning by targeting methyl CpG binding protein 2 (MeCP2) [177] . The role of lncRNAs during ischemic preconditioning, however, has yet to be determined. As a regulator of cellular functions just like miRNAs, a more in-depth elucidation of lncRNA function could likewise expand the scope of potential therapeutic targets.
Reversal of neurogenic processes and dysregulation of ncRNAs upon IP indicates only a subset of ncRNAs that are altered upon ischemic injury. The direct impact on ncRNA expression upon ischemic-reperfusion injury can only be determined in appropriate models replicating the various pathological processes during ischemic injury, resulting in cell death.
ncRNAs in Ischemic Injury
Neuronal cell death is the main effect brought about by ischemic brain injury and the underlying cause for manifestation of impaired cerebral function. Neuronal cell death is the end-point resulting from a multitude of molecular events and processes that occur upon ischemia. These molecular processes have been described as an ischemic cascade [17] . However, it is inapt to describe the processes in the form of a cascade as some of these processes loop back to potentiate repeated activation of certain pathways and processes. Generally, there are a handful of key processes including hypoxia, oxidative stress, inflammation, edema formation and excitotoxicity that lead to the demise of neurons during cerebral ischemia [178] . Several neuroprotectants have been identified throughout these years, however their efficiency in regulating the above-mentioned processes has failed to show significant effects in clinical trials [17] .
In 2008, Jeyaseelan et al. [13] demonstrated that miRNAs showed differential expression in brain and blood of the rat stroke model, MCAo. Furthermore, dysregulation of circulating miRNAs in young stroke patients has also been described by this same group [179] . This discovery highlighted the possibility of a novel class of potential neuroprotectants involved in cerebral ischemia. Thereafter, several studies [20] [21] [22] reported modulating miRNAs during cerebral ischemia could protect neurons from ischemic injury.
On the other hand, Dharap et al. [14] reported the dysregulation of lncRNAs in rats subjected to focal ischemia. The group identified lncRNAs which showed >90% sequence homology with exons of protein-coding genes. The authors reported that the stroke-responsive lncRNAs were homologous to protein-coding genes involved in ribosomal complex formation, splicing, translation initiation, and nuclear import of mRNAs, possibly stabilizing those mRNAs to restore the protein synthesis inhibited during the acute phase after stroke. The stroke-responsive lncRNAs might also control chromatin modifications, transcription factor activity, and apoptosis [157, 180, 181] . Furthermore, Kalkkila et al. [182] reported the induction of short interspersed elements (SINEs) B1 and B2 in the CA1 region of the hippocampus upon global ischemia in Mongolian gerbils. This signifies that ncRNAs are stress-inducible factors in the central nervous system. Further studies are needed to characterize the importance of lncRNAs to post-stroke functional outcome.
Similarly, Dharap et al. [183] , also reported the dysregulation of piRNAs in ischemic injury. However, piRNAs that mediate the neuronal damage have not been identified. The mechanisms of piRNA function are not yet known but studies showing high expression of the human homolog of the Drosophila piwi, hiwi, in testis, kidney and brain suggest the importance of these piRNAs for normal functioning of all organs including the brain [184] .
This part of the review will provide a comprehensive summary of ncRNAs, mainly miRNAs and lncRNAs, implicated in different segments of the ischemic cascade as well as to highlight their potential as neuroprotectants (Table 2 ).
Hypoxia
Hypoxia, or deprivation of adequate oxygen supply, induces bioenergetic failure that is regarded as the main trigger of downstream cerebral ischemic cascades that comprise of excitotoxicity, oxidative stress, inflammation and apoptosis. These processes result in neuronal injury and death within hours of ischemia onset. Hypoxia inducible factor-1 (HIF-1), a basic helix-loop-helix (HLH) heterodimer, is the master transcriptional factor in response to hypoxia in various diseases [185] . This oxygen-regulated HIF-1α subunit dimerizes with the constitutively expressed subunit HIF-1β to form the HIF-1 protein.
HIF-1 in turn regulates its downstream genes, which involves those that promote cell survival, (glucose metabolism, angiogenesis, erythropoiesis) and those that confer cell death (apoptosis) [186] [187] [188] . HIF-1 functions as a double-edged sword in ischemic stroke with both neuroprotective and detrimental effects, which are determined by the severity and duration of cerebral ischemia and cell type. During low-oxygen conditions, this transcription factor mediates an endogenous adaptive mechanism to maintain oxygen homeostasis [189] . However, failure to adapt to these low-oxygen conditions under chronic hypoxia will eventually lead to cell death via apoptosis, as in the case of ischemic stroke [190, 191] . Moreover, the HIF-1α subunit shows biphasic activation in rat stroke models resulting in expression of apoptosis-related genes during the early chronic phase (8 h after stroke onset) but shifts to protective gene expression during the recovery phase (after 48 h) of cerebral ischemia [192] .
miRNAs have been involved in hypoxia regulation by targeting hypoxia-induced mRNAs [193] and these miRNAs may also be crucial regulators during cerebral ischemia. miR-210, a hypoxia-induced miRNA, is regulated by HIF-1α [194] . miR-210 has been proven to function in ischemic stroke by inducing the Notch signaling pathway and indicated to be a clinical biomarker for ischemic stroke diagnosis and prognosis [195, 196] . Other hypoxia-induced genes have also been identified with miRNAs validated to target these (Table 2) .
Furthermore, HIF-1α associated lncRNAs have also been identified. Two antisense transcripts (5′aHIF-1α, 3′aHIF-1α) conserved in humans and rodents [197] , have been reported to be associated with the HIF-1α gene at the 5′ and 3′ ends respectively [124] . Both transcripts are localized to the nucleus and activated upon different stresses. In cancer cells, 3′aHIF-1α is upregulated upon hypoxia to downregulate the HIF-1α mRNA by binding to the 3′UTR [126] . Furthermore, 5′aHIF-1α accumulation at the nuclear membrane may have a role in decreasing mRNA levels by affecting the export of mRNAs into the cytoplasm. The two antisense transcripts might, alternatively, be involved in mRNA degradation or chromatin inactivation of the HIF-1α gene locus, along with posttranscriptional modulation by miRNAs [124] .
Hypoxia-induced gene 1 (Hig-1), another gene related to differentiation and cell death/survival balance is induced in neuron-enriched primary cultures upon exposure to hypoxia [198] . Hig-1 is temporally regulated during spinal cord development with the mRNA expression remaining high throughout the postnatal period. Nevertheless, the increased distribution of Hig-1 protein is observed to be switching from neuronal to glial cells during the development of the rat spinal cord. This occurs with high expression of an antisense transcript (aHig-1) in neurons, suggesting RNA degradation or inhibition of translation by Hig-1 resulting in the absence of the protein [128] . Functional characterization of this antisense lncRNA would be useful in elucidating its implication in ischemic injury. Another hypoxia-induced lncRNA, H19 fetal liver mRNA (H19), is expressed in fetal brain but is drastically reduced in adult brain [130] . H19 can also act as a precursor transcript for miR-675 in tumor cells [131] . Nonetheless, no reports regarding its significance in the ischemic brain have emerged. In addition, tumor suppressor PTEN (phosphatase and tensin homolog deleted on chromosome 10) is a negative regulator of neuronal cell survival. PTEN is upregulated upon ischemic injury [199, 200] and attenuates hypoxia-mediated HIF-1α stabilization in glioblastoma [201] . The PTEN pseudogene (PTENP1) acts as a decoy for miRNAs that target the PTEN mRNA. Therefore, regulation of the PTEN mRNA is likely to regulate signaling downstream of HIF-1α in stroke indirectly [133] .
Excitotoxicity
During cerebral ischemia, the deprivation of oxygen and glucose leads to energy failure characterized by an impaired Na + /K + ATPase pump [202] . This results in depolarization of neurons, releasing neurotransmitters (especially glutamate) into the synaptic cleft. Glutamate activates the different glutamate receptors, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPA), metabotropic glutamate receptors (mGluR) and N-methyl-D-aspartate (NMDA) receptors [203] [204] [205] , resulting in calcium (Ca
2+
) influx into the neurons and also the release of intracellular Ca 2+ store [203, 206] . This Ca 2+ overload activates detrimental enzymes (endonucleases, proteases, lipase) [17, 178, 202] , damages the mitochondria that causes the release of pro-apoptotic factors and generates reactive oxygen species (ROS) [207] . In addition, Ca 2+ influx from NMDA receptors activates nitric oxide synthase (NOS) through the binding of calmodulin (cofactor for NOS) [208] and also activates phospholipase A 2 which breaks down membrane phospholipids [209] . All of these processes contribute to an increase in oxidative stress thus resulting in cell death. miR-223 has been demonstrated to target the glutamate receptor, ionotropic, N-methyl-D-aspartate 2B (NR2B) subunit of the NMDA receptor and glutamate receptor, ionotropic, AMPA2 (GluR2) subunit of the AMPA receptor [142] . miR-223 overexpression has been shown to be neuroprotective by preventing Ca 2+ influx. Hence, delivery of miR-223 mimics can protect neurons from excitotoxic cell death. The GluA2/GluR2 subunit of AMPA receptor has been shown to be the target of miR-181a. Thus, increasing miR-181a may prove to be neuroprotective [144] . Overexpression of brain-derived neurotrophic factor (BDNF) during cerebral ischemia induces expression of miR-132, which in turn increases the expression of NMDA receptor (NR2A and NR2B subunits) and mGluR (glutamate receptor, ionotropic, AMPA1 (alpha 1), GluR1) [210, 211] . Hence, the use of miR-132 antagomir in this case, may have neuroprotective effects by suppressing glutamate receptor expression, thereby reducing excitotoxicity. Cyclin D1 (CCND1), a cell cycle related gene, is a critical mediator of ischemic neuronal cell death induced by excitotoxic NMDA receptors [143, 212, 213 ]. An lncRNA, transcribed from the promoter region of the gene CCND1, is observed to recruit the TLS (translocated in sarcoma) RNA-binding protein that represses transcription of the gene [143] . Therefore, expression of CCND1 could be controlled by regulating its promoter associated lncRNA to impede downstream apoptotic signaling.
Inflammation
Inflammation is induced as an early event during cerebral ischemia. Cell death occurs almost immediately following occlusion of a cerebral vessel. This event, releases high-mobility group box 1 (HMGB1) and damage associated molecular patterns (DAMPs), which are well characterized in cerebral ischemia [214] . Binding of HMGB1 to toll-like receptors (TLRs), such as Toll-like receptor 4 (TLR4), activates astrocytes and microglia, to release cytokines and chemokines that potentiate an inflammatory response [215] . Subsequently, activated microglia generates reactive oxygen species (ROS) that contribute to neuronal cell death [216] . Cytokines such as Interleukin-1 beta (IL1β), Interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-α) [217] [218] [219] , induce elevated expression of cell adhesion molecules (E-selectins, vascular cell adhesion molecule 1 (VCAM-1) and intracellular adhesion molecule 1 (ICAM-1)) in endothelial cells. These in turn recruit circulating immune cells (neutrophils, monocytes, T-cells) along with the endothelial cells [220] . Chemokines released from astrocytes also act as chemotactic cues for the immune cells to extravasate from the blood vessel and into the brain parenchyma [221] . The localization of immune cells in the brain aggravates ischemic injury with further cytokine secretion from the immune cells. Moreover, secretion of matrix metalloproteinases (MMPs) from neutrophils, results in blood brain barrier (BBB) disruption and formation of edema, exacerbating the effects of the injury [222] .
miR-146a has been considered as a master regulator of inflammatory response. miR-146a/b are known to target interleukin-1 receptor-associated kinase 1 (IRAK1) and tumor necrosis factor (TNF) receptor associated factor protein 6 (TRAF6) mRNA, important molecules in signal transduction in TLR/IL1 receptor signaling [155] . Furthermore, miR-146a targets TLR4, a crucial molecule in mediating the early inflammatory response during ischemic injury [157] .
miR-125b and miR-181c have been validated to target TNF-α that is increased upon ischemic injury [158, 159] . Downregulation of TNF-α mRNA using miR-125b and miR-181c mimics may reduce inflammation during cerebral ischemia to aid in cell survival. miR-17 and miR-126 were reported to target ICAM1 and VCAM1 mRNA respectively [160, 161] . These adhesion molecules are important for recruitment of immune cells into the brain parenchyma. miR-124 and -126 have been shown to target chemokine (C-C motif) ligand 2 (CCL2), a chemokine, which recruits monocytes into the brain parenchyma [223, 224] . miR-17, miR-124 and miR-126 antagomirs can thus impede the recruitment of immune cells into the brain and thereby alleviate immune cell mediated injury. Hence, inflammatory response associated miRNAs may serve as potential neuroprotectants.
It is noteworthy that there are miRNAs associated with ischemia induced edema. miR-130a and miR-320a have been shown to repressor aquaporin 4 (AQP4) expression [22, 52] . AQP4 is a bidirectional water conducting channel involved in early phase edema formation and edema clearance in the recovery phase. It was demonstrated that anti-miR-130a and -320a reduce infarct volume in rats subjected to middle cerebral artery occlusion (MCAo) by aiding in edema clearance.
LncRNA 17A is embedded in the human G-protein-coupled receptor 51 gene (GPR51) that codes for gamma-aminobutyric acid B receptor, 2 (GABAB R2) variant A and regulates alternative splicing of the gene [146] . Expression of 17A is increased upon inflammatory stimuli, driving the expression of GABAB R2 variant B, an alternative GABAB R2 protein isoform, devoid of transductional activity. This occurs alongside a dramatic downregulation of the canonical full-length GABAB R2 variant A, thereby abolishing GABAB R2 intracellular signaling and activation of K + channels. These elevated levels of lnc 17A are shown to lead to an enhanced secretion of amyloid β peptide.
Oxidative Stress
Excessive production of reactive oxygen species (ROS) results in oxidative stress. During cerebral ischemia, influx of Ca 2+ , recruitment of immune cells and ischemic-reperfusion injuries leads to oxidative stress [225] . ROS causes DNA modification, protein denaturation, mitochondrial dysfunction, as well as lipid peroxidation, which results in membrane disruption [225] , leading to neuronal cell death. Furthermore, the high lipid content of the brain makes it prone to lipid peroxidation that produces neurotoxic products, leading to oxidative stress [226, 227] . In addition, the brain is enriched in iron which catalyzes the Fenton reaction to produce ROS. Anti-oxidant, superoxide dismutase 2 (SOD2) has been shown to be the target of miR-145 [152] . Antagonizing the expression of miR-145 was reported to reduce cerebral infarct size and protect neurons from oxidative stress. miR-101 targets cyclooxygenase 2 (COX2) mRNA, an enzyme involved in arachidonic acid metabolism, which generates ROS as a by-product [154] . Hence, introduction of pre-miR-101 can reduce ROS generation by inhibiting COX2 expression.
LncRNA MSUR1 (mutant SOD1-up-regulated RNA 1), has been shown to reduce free radical levels and oxidative damage resulting from mutant SOD1-mediated cell death [153] . Another lncRNA, growth arrested DNA-damage inducible gene 7 (Gadd7), is induced by lipotoxic stress in a ROS-dependent manner and is necessary for lipid-as well as general oxidative stress-mediated cell death. Knockdown of gadd7 has been shown to reverse this oxidative stress as well with reduced ROS production [155] . The data obtained thus far suggested the possibility of regulating these lncRNAs to serve as neuroprotectants against oxidative stress upon ischemic injury.
Apoptosis
Apoptosis during cerebral ischemia is induced by internal signaling within the cell (intrinsic pathway) or by signal transduction from extracellular origin (extrinsic pathway) [23] . The intrinsic pathway is usually initiated by cues (associated with cellular damage) such as DNA modification, which activate p53 signaling; and mitochondrial dysfunction. p53 initiates the transcription of various apoptotic genes like B-cell lymphoma 2 (Bcl-2) and Bcl-2-associated X (Bax). Simultaneously, Bcl-2-like protein 11 (Bcl2l11), binds to other anti-apoptotic members of the Bcl2 family to induce apoptosis [228] . Furthermore, pro-apoptotic factors like Bax bind BH3-interacting domain death agonist (Bid) form pores on the mitochondria. This process promotes the release of factors that give rise to downstream formation of the apoptosome and mediates apoptosis through proteolytic cleavage of important downstream proteins [229] .
The extrinsic pathway is induced by an external signal where ligands such as TNF-α and Fas ligand (FasL) bind to TNF-α receptor and Fas receptor (FasR) respectively [23] . Fas-Associated protein with Death Domain (FADD) is recruited to the receptor and forms the death-inducing signaling complex (DISC) together with procaspase 8 which subsequently converges with apoptotic signaling via the intrinsic pathway [229] .
miR-15a, miR-29b, miR-497 were demonstrated to target members of the anti-apoptotic Bcl-2 mRNA. miR-15a targets Bcl-2 mRNA and miR-29b targets Bcl2-like protein 2 (Bcl2l2) while miR-497 targets both Bcl-2 and Bcl2l2 mRNAs [21, 156, 158] . Hence, miR-15a, miR-29b and miR-497 antagomirs can bring about potential neuroprotection by up-regulating anti-apoptotic proteins (Bcl-2, Bcl2l2). miR-21 prevents neurons from ischemic cell death by targeting FAS ligand (FASLG) [20] . Thus, treatment with pre-miR-21 can be neuroprotective during cerebral ischemia. In addition, miR-21 has been further demonstrated to protect neurons from microglial mediated neuronal cell death by targeting FASLG in microglial following ischemia [230] .
miR-181 targets GRP78 (heat shock 70kDa protein 5; glucose-regulated protein, 78kDa) during cerebral ischemia and the down-regulation of miR-181 was demonstrated to be neuroprotective [231] . Interestingly, inhibition of let-7f was shown to provide neuroprotection in middle-age female rats as let-7f targets components of the insulin-like growth factor 1 (IGF-1) signaling pathway [232] .
The taurine up-regulated gene 1 (TUG1) codes for an lncRNA that is highly expressed in the cortex and is required for proper formation of photoreceptors in the developing rodent retina [233] . Downregulation of lncRNA TUG1 in developing retina leads to decreased retinal transcription factor expression and increased apoptosis. TUG1 expression is activated by p53 upon DNA damage by repressing several cell cycle genes [157] . Expression of this ncRNA upon ischemic injury needs to be determined for its role in conferring cell death.
Thus far, we have discussed the various ncRNAs, particularly miRNAs and lncRNAs, which are implicated in neuronal development, IP and major processes in the ischemic cascade. Amongst these, the regulatory functions of miRNAs have been the most extensively studied and well characterized. Although the studies on lncRNAs were mostly speculative, the preliminary results reported so far have highlighted their importance in the genome regulation with promising potential as key players in ischemia. Unfortunately, not much research has been done for piRNAs. In fact, none have been determined for their association with ischemia. Further in-depth studies are imperative to unveil the significance of these ncRNAs as potential targets for novel and/or alternative therapy in ischemic stroke.
Future Directions for Therapy
Research into the roles of ncRNAs in ischemic brain injury is exponentially growing and the next approved therapy for ischemic stroke may just be targeting of ncRNAs. However, it should be noted that there are several benefits and drawbacks associated with the various subtypes of ncRNAs. In the case of miRNAs, there is the constant issue of off-target effects as they can potentially target hundreds of genes. Nonetheless, it is possible to utilize this multi-target characteristic to bring about a net neuroprotective effect. An example is that of miR-320a which targets multiple genes other than AQP4, in other pathways (inflammation, calcium signaling, cell cycle and apoptosis) associated with cerebral ischemia. This is responsible for an overall effect of reducing infarct volume in rats subjected to MCAo [22] . LncRNAs on the other hand may overcome this problem with increased specificity to their target gene and can be modulated through targeting by siRNAs.
One of the foremost questions for ncRNA therapy is the method of delivery and problem of crossing the blood brain barrier. The technology for ncRNA delivery is still in its infancy. The delivery of ncRNAs is mainly through viral vectors and nanoparticles or simply by using modified oligonucleotide (locked nucleic acid) backbone [234] . An intranasal delivery of ncRNAs can directly bypass the blood-brain barrier and serve as a non-invasive method. Recent developments have overcome this problem with the synthesis of exosomes that can cross the blood brain barrier to target neurons [235] . These exosomes are produced from mouse dendritic cells, which contain lysosomal-associated membrane protein 2B (Lamp2B) that binds to neuron specific peptides. Upon binding to neurons, the exosomes release siRNAs that were previously loaded by electroporation. Thus, this technology can be further developed to load ncRNAs for delivery into the ischemic brain.
Open Questions in the Future
The potential use of the once considered "transcriptional noise" [3] as a therapeutic agent cannot be refuted given the exceptional interest and expanding achievements in this new field of research. Moreover, given their endogenous nature, the incidence of side effects of these ncRNAs as compared to synthetic drugs will also be significantly reduced. A mere two decades following the discovery of miRNAs by Lee et al. [236] , it has led to several miRNAs being developed in the preclinical trials. miR-208 and miR-499 have undergone preclinical trial as antagonists for chronic heart failure [237] . Similarly, let-7 and miR-34 are currently in the preclinical phase for miRNA replacement therapy for cancer [238] . Adding to its feasibility, miR-122 antagomir is currently in phase II of clinical trials as a therapeutic for hepatitis C [239] , the furthest development stage for any miRNA therapy to date. ncRNA treatment for ischemic brain injury is therefore plausible in the near future.
We have identified several miRNAs and lncRNAs to be dysregulated upon ischemic injury. Of these, some ncRNAs exhibit potential as therapeutic targets. One of these is the BDNF-AS lncRNA. Administration of BDNF upon ischemic injury can effectively reduce cortical cell death and reduce infarct volume in in vivo stroke models [240, 241] . However, these findings could not be effectively translated to clinics due to the inability of the BDNF protein to cross the blood-brain-barrier (BBB) in human subjects [242] . Hence, the neuroprotective role of BDNF can be exploited by using the more efficacious molecules such as siRNAs that are capable of crossing the BBB. Moreover, siRNAs have been successfully used against BDNF-AS to increase neuronal outgrowth in vivo [109] . It is therefore possible to extend this therapy to in vivo stroke models to target the BDNF-AS transcript, to stabilize the BDNF mRNA. In addition to targeting lncRNAs in neuronal development, ncRNAs identified in other ischemia induced detrimental processes also hold promise for therapy. MSUR1, 17A, Gadd7 and TUG1, induced by ischemia-related pathological processes (Table 2) , could be modulated by siRNAs to verify their possible role as neuroprotectants.
Similarly, miRNA antagomirs or mimics that provide a net beneficial effect in ischemic brain injury such as anti-miR-320a [22] , could be further explored as therapy. In-depth analyses on the potential use of pre-miR-124, pre-miR-9 (neurogenesis), pre-miR-146a (inflammation), pre-miR-21, anti-miR-497 (apoptosis) and anti-miR-15a (angiogenesis and apoptosis) for neuroprotective potential could serve as excellent starting points.
Further studies on these ncRNAs are thus necessary to understand the complex mechanisms and processes that are intricately regulated in the central nervous system. Ability to control these processes will pave a way for therapeutic intervention in ischemic injury.
Conclusion
Regarded as "junk" material at the start of the genome era, ncRNAs have now captured center stage being discovered as the crucial regulators of gene expression. The importance of ncRNAs in cell survival, death and disease are beginning to be unraveled. Though miRNAs have been studied quite rigorously and have found their way to therapeutic discoveries, knowledge of the functions of other ncRNAs is still in its infancy. However, with the recent trend of research shifting its focus towards elucidating the role of ncRNAs in pathological conditions, it is just a matter of time before ncRNA-based treatment for cerebral ischemia materializes.
